Abstract. The CARIBIC project (Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container) is a long-term monitoring program making regular atmospheric measurements from an instrument container installed monthly aboard a passenger aircraft. Typical cruising altitudes of the aircraft allow for the study of the free troposphere and the extra-tropical upper troposphere as well as the lowermost stratosphere. CARIBIC measurements include a number of real time analyses as well as the collection of aerosol and whole air samples. These whole air samples are analyzed post-flight for a suite of trace gases, which includes non-methane hydrocarbons (NMHC).
Introduction
Beginning in 2005 the CARIBIC project (Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container; www.caribic-atmospheric.com) has made, and continues to make, monthly deployments of a container-based laboratory equipped to make atmospheric measurements from aboard a Lufthansa Airlines Airbus A340-600 passenger aircraft. Each month four long distance flights are conducted with the 1.5 ton container laboratory installed in the forward cargo bay of the aircraft, followed by de-installation and return to the laboratory. CARIBIC is one of three measurement programs designed to regularly monitor atmospheric composition from aboard passenger aircraft (IGAC, 2007, and references therein) . Among these endeavors, CARIBIC is unique in its ability to routinely measure a broad and comprehensive suite of atmospherically significant species. A detailed description of the CARIBIC project and container system can be found in Brenninkmeijer et al. (2007) .
The CARIBIC instrument package is fully automated and during each flight carries out a variety of real-time trace gas and aerosol measurements. It also collects aerosol samples and whole-air samples, which are analyzed upon return to the laboratory. Measurements of the whole air samples include those for non-methane hydrocarbons (NMHC), for which the technique is presented here. As of December 2008 over 1000 air samples have been collected and analyzed, with measurements continuing in a near monthly rhythm.
CARIBIC flights originate in Frankfurt, Germany with routes (through December 2008) to India (Chennai), East Asia (Guangzhou and Manila), South America (São Paulo and Santiago de Chile) and North America (Toronto, Houston and Denver). When at cruising altitude (7.2 to 11.9 km; mean altitude 10.7 km), the long-distance routes on which CARIBIC is deployed typically intersect air masses that are representative of the free troposphere when in the tropics, and both the upper troposphere and lowermost stratosphere (UT/LMS) at mid-to high latitudes. Therefore, CARIBIC allows for the routine monitoring of these atmospheric regions; monitoring of the UT/LMS is of particular interest, as this is a complex, less frequently researched part of the atmosphere.
Non-methane hydrocarbons have a wide range of source distributions and atmospheric residence times, and as such, measurements of these compounds lend themselves to discussion of many atmospheric issues, such as tropospheric ozone formation, the significance of and changes in anthropogenic sources, and timescales associated with transport, mixing and chemistry (Smyth et al., 1996; Parrish et al., 2007) ; recently, NMHC have also been suggested as a tool for analyzing stratospheric residence times (Ehhalt et al., 2007) . CARIBIC NMHC analysis consists of measurement of C 2 -C 8 alkanes, aromatics (benzene, toluene, ethylbenzene and the xylenes) and ethyne. Here we provide a description of the analytical procedure and system, along with a synopsis of results.
Experimental

Sample collection
Each month, 28 air samples are collected during CARIBIC flights using an automated air collection system, TRAC (Triggered Retrospective Air Collector); as of December 2008 over 1000 air samples have been collected, 944 of which have been analyzed for NMHC. The air collection system consists of two TRAC sampling units, each of which contains 14 glass sampling flasks of nominally 2.67 l (Louwers Hapert, the Netherlands). Glass sampling flasks were preferred to stainless steel to accommodate measurements of other compounds (e.g. alkyl nitrates, CO 2 isotopologues). The inlet and outlet connections of each flask are connected by 1/10 stainless steel tubing to two 16-port electrically actuated multi-position switching valves (Valco), with the inlet selector valve being connected to the pumping system and the outlet valve to ambient air via a further solenoid control valve. The multi-position valves at the inlet and outlet positions also serve to seal the flasks. The pumping system consists of two dual-stage metal bellows pumps (Senior Flexonics model PWSC 28823-7) in series to one another; the first pump has the two bellows in parallel while the second has them in series. A pressure sensor (SENSYM) is placed between the outlet of the pumping system and the inlet of the sampler to measure the final pressure in the flasks. A 2 µm sintered stainless steel particle filter (Swagelok) is placed at the inlet side of each TRAC to avoid contamination.
Sample collection is fully automated, and is set to begin once the pressure outside the aircraft falls below 480 mbar. The sampling process begins with the flasks being flushed with ambient air for 300 s (corresponding to about 10 times turnover), after which the outlet side is closed, with the inlet side being closed upon reaching a pressure of 4.5 bar (usually about 10s after closing the outlet). During the flushing period, pressure is built up, making the actual sampling time a product of the average turnover time (determined in the laboratory for a wide range of external pressures), total filling time, external pressure at the inlet, and final pressure of the flask. Calculated filling times are between 30 and 90 s, with an average of 45 s. Further details on the collection of air samples and the relevant calculations are given in Schuck et al. (2009) . The average aircraft speed of about 230 m s −1 corresponds to spatial resolution between 7 and 21 km (10 km average) during sample collection. The trigger option has not been implemented and the samples are collected according to a fixed schedule where collection times are distributed evenly along the flight track. Samples are normally analyzed within two weeks of collection for NMHC, and also greenhouse gases (Schuck et al., 2009) , at the laboratory in Mainz, and are then circulated between partner laboratories for measurements of halocarbons (Fraser et al., 1999; O'Sullivan, 2007) , as well as isotopic composition of CO 2 (Assonov et al., 2009 ). Also the D/H ratio of H 2 is determined for select flights. To assist with interpretation of the data, measurements made from the flasks are complimented by integrations of the in situ measurements over the sampling time period (e.g. CO, O 3 , H 2 O; see Brenninkmeijer et al., 2007) . Additionally, for each sample meteorological parameters are calculated based on ECMWF re-analyzed data, and 8-day backward and 2-day forward trajectories are calculated with the KNMI trajectory model, TRAJKS (Scheele et al., 1996; van Velthoven, 2009) The experiences of other laboratories measuring NMHC from sampling canisters indicate that care should be taken to minimize the time between sample collection and analysis in order to avoid possible artifacts of storage (e.g. trace gas decomposition and growth of compounds) (Apel et al., 2003; Plass-Dülmer et al., 2006) . With few exceptions, CARIBIC samples are analyzed for NMHC within two weeks of collection, and for the majority of flights analysis is conducted within one week. Tests where samples have been re-analyzed after between 1 and 3 months have shown the alkanes, aromatics and ethyne to suffer no significant deviation (within the analytical precision of the system) and can therefore be considered stable over the usual turnaround time periods; however, substantial growth in the alkenes is observed, and as such, measurements of these compounds are not taken in to consideration. This result is consistent with findings of NOAA-ESRL, also making NMHC measurements from glass flasks (Pollman et al., 2008) . We note that while the processes responsible for alkene formation are not known, growth is observed to some degree in all samples, and is significantly more pronounced in samples collected when realtime analyses indicate low water content, particularly stratospheric samples. . Lines shown in blue, green and red represent the flow of the analyte being introduced (in this case a standard), the hydrogen carrier and analyte to be delivered to the GC, and hydrogen for pre-concentration and drying agent regeneration, respectively. Bent and straight valve connections represent the two possible valve configurations used during analysis.
NMHC analysis
CARIBIC samples are analyzed for NMHC using an HP-6890 gas chromatograph (GC) coupled with a flame ionization detector (FID), where, prior to analysis, the samples are cryogenically pre-concentrated and focused; the analytical process is fully automated and controlled by a microprocessor system. A schematic of the NMHC measurement system, with valves positioned as they are after just before starting a pre-concentration/measurement cycle, is shown in Fig. 1 . At this stage the sample to be analyzed has been preconcentrated and is being sent to the cryofocusing loop prior to introduction to the GC, and the drying agent is being regenerated with heating (not shown) and a reverse flow of hydrogen. The TRAC samplers and the system standards are connected to the sampling system via a 10-port automated switching valve (Valco). The two samplers are analyzed sequentially, along with a series of standards, on two consecutive days, subsequent to a calibration analysis of the standards employed. In general, only one NMHC analysis is possible for CARIBIC samples, as the large volume of air required for the measurements (1 l at STP) means that multiple analyses would severely restrict the amount of sample remaining for other measurements. At the start of the analysis, the analyte (either an aliquot of standard or air from the TRAC sampler) is introduced to the system and water vapor is removed by passing through a drying tube containing magnesium perchlorate as a drying agent (Mg(ClO 4 ) 2 ) at a flow rate of 50 ml min −1 . The 7 glass drying tube (1/4 internal diameter) is filled over 4 with the drying agent, which is confined at each end by glass wool. The drying tube is at 55 • C while sample is flowing through and is regenerated by heating at 80 • C for 25 min while flushing with hydrogen. Heating of the drying agent serves not only as a regeneration step, but has also been shown to significantly reduce any loss of larger (C≥8) NMHC (Rudolph et al., 1986) .
Samples collected at typical CARIBIC flight altitudes have low water contents (Schuck et al., 2009) . However, as water can negatively influence behavior of the analyte during pre-concentration and on the column, drying is performed to avoid any effects and to ensure uniform water content for all samples. To ascertain that there is no significant influence of the drying agent on NMHC concentrations (i.e. through loss or the introduction of contaminants) 28 samples from two TRACS along with a series of standards, both with and without using the drying tube, while all other parameters were kept unchanged. For the primary standard, which is effectively dry to begin with, agreement between measurements for all compounds was very good, with differences of less than 5% for all and less than 2% for C 2 -C 7 NMHC. Overall agreement between the dried and undried TRAC analyses was good for the C 2 -C 4 hydrocarbons, with average differences between the measurements of less than 2%. However, for measurements where the drying agent was bypassed during analysis, NMHC with more than 5 carbons were 314 A. K. Baker et al.: Analysis of NMHC in CARIBIC air samples sometimes co-eluted with an unidentified compound, most likely an oxygenated volatile organic compound (OVOC); this was also the case for i-butane in two samples. These larger NMHC are also frequently below the limit of detection for the system, making the influence of drying difficult to determine, however, for a sufficient number of undried samples, peak areas could be reliably determined for i-pentane, n-pentane, hexane, benzene and toluene. These had differences of up to 5% between dried and undried samples. Owing to the frequency of measurements below the limit of detection combined with the influence of co-eluting compounds, peak areas could not be reliably determined for the remaining C 5 -C 8 NMHC in those samples where the drying agent was bypassed.
The low levels of NMHC in the atmosphere necessitate pre-concentration of the sample prior to analysis. Therefore, after drying the sample is pre-concentrated by passing through a stainless steel loop (1/8 , 15 cm long) filled with Carbopack BHT adsorbent (mesh 60/80). For preconcentration the loop is lowered into in a Dewar where it is held over, but not immersed in, liquid nitrogen and cooled to about −130 • C. This is sufficiently cold for the quantitative trapping of NMHC while providing for the near complete removal of major atmospheric constituents, such as nitrogen and oxygen, as well as minor constituents, such as methane and carbon dioxide. The sample flow through the system of 50 ml min −1 is controlled by a mass flow controller (MKS Instruments, 100 sccm N 2 ). Using a trapping time of 20 min, a 1 l aliquot of sample air (STP) is processed. The loop is isolated from the sample flow after the pre-concentration step, and, following a brief equilibrium period (30 s), the sample is desorbed and re-volatilized by lifting the loop from above the liquid nitrogen and heating to 90 • C. The re-volatilized sample is then sent to the cryo-focusing loop, which is a 175 cm section of ultimetal WCOT CP7120 column (Varian Chrompack, 0.53 mm ID, 0.8 mm OD, 1.0 µm film thickness) in a flow of H 2 carrier gas. A coiled 30 cm section of the cryo-focusing loop is immersed in liquid nitrogen, thereby trapping the sample. The loop is then lifted from the liquid nitrogen and allowed to heat up to room temperature, thus permitting the analyte to flow into the GC system. Cryofocusing ensures an optimal peak shape, and also serves to more effectively separate the C 2 , and to a lesser extent the C 3 and C 4 , hydrocarbons before reaching the GC column. Total sample preparation time is 60 min.
The HP6890 GC houses a 150 m Petrocol DH column (0.25 mm ID, 1.0 µm film thickness) connected to an FID, and the analysis is 60 min long (making the total measurement time with pre-concentration two hours for each sample). The oven operates on a temperature program beginning at −10 • C, with a final temperature of 200 • C; full parameters are provided in Table 1 . Nitrogen and synthetic air used for the system are supplied by cylinders (99.999% and 99.9% purity, respectively) and hydrogen is supplied by a Parker Balston Hydrogen Generator, model H2-300 (99.99999+% 
Standards and calibration
Multiple standards are employed during each analysis and include one primary standard and four whole air working standards ( Table 2 ). The primary standard currently in use (NPL07) is a gravimetrically prepared mixture of 30 NMHC in nitrogen purchased from and calibrated by the National Physical Laboratory (Teddington, United Kingdom, NPL Primary Reference Gas Mixture), with a quoted uncertainty of 0.08 ppbv for each compound (∼2%) (NPL, 2008) . Prior to 2007 a different NPL standard was used (NPL04) and this is a standard of similar preparation method, although with slightly different NMHC concentrations, as the NPL07 standard. Comparison between the two shows good agreement (Table 2) , and the two standards are occasionally compared to check for drift or instability. As mixing ratios of the NPL07 primary standard (∼4 ppbv) are substantially higher than those observed during CARIBIC flights, the standard is diluted at ratios between 1:100 and 1:20 (giving ∼40-200 pptv) with synthetic air. The dilution system consists of two mass flow controllers which regulate the amount of standard and synthetic air being introduced to a mixing tube, which is then connected to the system via the 10-port inlet valve. The actual dilution ratio is determined from the relative flows of the primary standard and synthetic air, and the dilutions given above represent the limits of the dilution system. Additionally, these multiple dilutions are used to ensure linearity of the response and proper function of the dilution system. Overall linearity of the system was checked using multiple analyses at these dilutions as well as of the undiluted standard. For all compounds considered the correlation coefficient was better than 0.995, with offsets being less than 1 pptv.
The primary standard is used to determine per carbon response factors (PCRFs) for individual compounds, and these are in turn used to determine mixing ratios of the CARIBIC samples. For compounds with six or fewer carbons, the PCRFs are nearly identical, and are also stable over long periods of time (Fig. 3) . However, compounds with higher carbon numbers (i.e. compounds having longer retention times on the analytical column), give rapidly decreasing responses, while ethyne has a slightly larger response. This behavior has been observed by other laboratories measuring NMHC employing similar techniques (i.e. pre-concentration followed by GC-FID analysis) and is considered to be a product of detector and system parameters and configuration (Colman et al., 2001; Apel et al., 2003) . Sample mixing ratios are determined from the individual compound response factors, with the exceptions being 3-methylpentane and cyclohexane, which are not in the primary standard. The carbon response factors for 2-methlypentane and hexane, respectively, are used to determine per carbon response factors for 3-methylpentane and cyclohexane.
In addition to the primary standard, four whole air working standards are employed during the analysis. The SIL191, SIL192 and SIL193 standards were collected in 2005 at the Schauinsland Observatory in Southern Germany, while the CFL1 standard was collected in 2006 atop a building at the institute in Mainz. All working standards were collected in 5 l aluminum cylinders (Scott Marin) using a compressor and were dried with Drierite. The main function of these standards is to ensure the stable behavior in the system of samples containing the bulk gases and to check for changes or drift relative to the primary standard. As constraints due to available sample volume make duplicate analyses of the CARIBIC samples impractical, replicate analysis of the working standards were used to evaluate the overall precision of the system for whole air analysis ( Table 2 ). The working standards are calibrated against the NPL standard monthly, immediately prior to analysis of the TRAC samples, and no drift within the system precision has been observed in the NMHC mixing ratios or these standards' relationship to the primary standard. Limits of detection for the system were determined using a combination of working standard and TRAC sample analyses, and represent the larger of three times signal-to-noise or the mixing ratio calculated for the smallest peak that can be reliably integrated. Currently, the CARIBIC project is in its second phase of operation; the first phase began in 1996 and continued through 2002, with measurements conducted from a different, but similarly equipped, instrument container installed onboard an LTU Airlines Boeing 767 passenger aircraft (Brenninkmeijer et al., 1999) . During the first phase (CARIBIC-1) NMHC were analyzed using GC-MS (gas chromatography -mass spectrometry) of air samples collected in stainless steel sampling flasks (Mühle et al., 2002; Rhee et al., 2005) . To ensure that the calibration scales of the two data sets are in agreement, the NPL standards used during CARIBIC-1 analysis were measured against the current CARIBIC NPL standard using the current GC system. For the majority of NMHC, measured concentrations were within the range of the quoted uncertainties given for the standards, which were between 1.3 and 2.2% (Table 3 ). The only two exceptions were n-pentane in NPL99 and ethyne in NPL02, although even their deviations were less than 5%. It should be noted that the ages of the standards were seven (NPL02) and ten (NPL99) years, which exceeds the guarantee period of two years set by NPL, and the influence of age on standard stability could be a factor influencing comparison. However, overall agreement was good, and no appreciable long-term changes in stability were readily apparent from the measurements, ultimately indicating that measurements from the two phases of CARIBIC are using closely related, traceable scales.
A. K. Baker et al.: Analysis of NMHC in CARIBIC air samples
The CARIBIC NPL standard was also compared with that of an outside institution (Institute of Meteorology and Climate Research Forschungszentrum Karlsruhe, IMK-FKU) as part of a multi-institution inter-comparison (official audit) conducted for the World Meteorological OrganizationGlobal Atmospheric Watch (WMO-GAW) program for volatile organic carbon (VOC) analysis. The audit consisted of a round-robin style inter-comparison of several standards. As the rotation between laboratories was not complete at the time of submission, the concentrations of the standards and official, overall results of the audit are not available for publication, and only relative results of one standard can be given here (Table 3) . As with the internal comparison between various CARIBIC NPL standards, agreement with the audit standard was very good. Agreement is, as can be determined from Table 3 , well within the WMO-GAW guidelines for VOC measurements which recommend precisions of 5% for C 2 -C 5 alkanes and/or ±15 pptv for mole fractions less than 100 pptv (WMO-GAW, 2007) .
Sample data
As CARIBIC samples represent a number of different atmospheric regions and air masses the differences in concentrations between compounds, and also for any single compound in different air samples, can be 2 or 3 orders of magnitude (Table 4) . Unsurprisingly, the highest mixing ratios are a %BDL indicates the percentage of samples where the compound of interest was below the limit of detection (LOD; see Table 3) observed in the free and upper troposphere, and, the ranges of mixing ratios are larger than in air masses influenced by stratospheric air. The timescales of mixing and transport of air masses observed by CARIBIC are generally much longer than the chemical lifetimes of many of the NMHC measured.
Upper tropospheric air masses that are encountered have usually not been in the boundary layer for a week or more prior to sampling, and in the lowermost stratosphere air masses are considerably much older, as the timescales of tropospherestratosphere exchange are on the order of weeks to months. This results in concentrations of many compounds frequently being below their limit of detection, and is particularly true in the extra-tropics, where about 40% of the flight time is spent in the transition layer above the tropopause. Typical NMHC results are exemplified during a series of flights between Frankfurt, Germany and Guangzhou, China and between Guangzhou and Manila in the Philippines during February of 2008 (Fig. 4) . The flights began on 25 February, leaving Frankfurt at 21:00 UTC and arriving in Guangzhou at 08:00 UTC on 26 February. A roundtrip flight was conducted between Guangzhou and Manila between 09:00 and 15:00 UTC on 26 February, and the aircraft left Guangzhou at 20:00 UTC, returning to Frankfurt at 04:00 UTC on 27 February. This flight was selected both because it has a number of features that are characteristic of NMHC measured in CARIBIC samples and also because measurements of greenhouse gases from the same flight were discussed in another publication (see Schuck et al., 2009 ).
The two samples having the highest levels of NMHC were collected at the beginning of the flight from Frankfurt to Guangzhou and have 8-day back-trajectories originating in the boundary layer over the Atlantic Coast of North America; the same air mass origin is also observed for the second to last sample, collected at 02:00 UTC, however elevations in NMHC are not as substantial. Conversely, the lowest values of NMHC represent samples collected in the tropopause layer and/or lowermost stratosphere; these samples are also characterized by increased potential vorticity [PV>2PVU (10 −6 K kg −1 m 2 s −1 )] and ozone concentrations (O 3 >100 ppbv), as well as decreased levels of carbon monoxide (CO<50 ppbv). As stated above, the lifetimes of many of the NMHC measured are shorter than the times scales of troposphere-stratosphere exchange, and significantly lower mixing ratios are observed, as well as many below the detection limit. The remaining samples represent upper tropospheric air and backwards trajectories calculated for these samples indicate no recent influence by boundary layer air.
While NMHC in the upper tropospheric samples are fairly homogeneous, they do exhibit a weak altitudinal dependence, with mixing ratios generally decreasing with increasing altitude (Fig. 5) . The return flight from Guangzhou to Frankfurt was at slightly lower altitudes than the flight to Guangzhou from Frankfurt, resulting in mixing ratios that are somewhat higher. This relationship is observed for many individual flights, although the relationship is not consistent between flights and there is no obvious latitudinal trend when considering CARIBIC data as a whole, as NMHC mixing ratios are also dependent on a number of other factors such as season, latitude, and prevailing meteorological conditions.
Summary and conclusions
Over 900 whole air samples have been collected since 2005 during monthly flights of the CARIBIC system and analyzed for NMHC, allowing for the regular analysis of NMHC in the upper troposphere and lowermost stratosphere. Hydrocarbon analysis comprises GC-FID measurements of a suite of 20 individual gases from 28 glass sampling flasks filled during a series of monthly flights. The precision of the system was found to be better than 6% for all compounds and better than 2% for most (at 1σ ). Inter-comparison between standards from the first phase of CARIBIC and the second phase show that the two are using closely related and easily traceable scales, and inter-comparison of standards with an outside institution indicate accuracies within the system precision as well as compliance with the WMO-GAW VOC guidelines. Measured NMHC mixing ratios span three orders of magnitude, from a few pptv for shorter lived compounds (e.g. pentanes, toluene) to one or two ppbv for the much longer-lived ethane. Although the limits of detection for the analysis are very low (1-3 pptv), there were still a large number of samples where the more reactive species were below the detection limit. This was more frequent in samples that exhibited stratospheric influence than in samples collected in the upper troposphere, and is a product of the longer transport times associated with tropospherestratosphere exchange. Results from a series of flights between Frankfurt and East Asia during February 2008 show the range of NMHC concentrations in the different air masses that might be intercepted during a typical CARIBIC flight. Very low NMHC are observed in the extra-tropical tropopause/lowermost stratosphere, while samples collected in the upper troposphere and free troposphere exhibit much more homogeneous background levels as well as very elevated NMHC in air masses of more recent origin in the boundary layer. The tropospheric samples also show a weak dependence on altitude, although this relationship is not consistent when considering all CARIBIC samples.
